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Recent theoretical predictions [1, 2] followed by experimental observations of coherent tunneling in magnetic tunnel junctions (MTJs) with MgO barriers [3] [4] [5] [6] [7] have busted research of F 1 /I/F 2 MTJs [8] (here F 1 and F 2 are ferromagnetic layers and I -insulating barrier), and opened new perspectives of their applications in spintronic devices. For thin enough electrodes, electron tunneling may reveal resonant features due to quantum well states (QWS). Early studies explored the simplest way to realize resonant tunneling by growing a thin nonmagnetic layer (NM) between ferromagnetic electrode and barrier in standard MTJ structures F 1 /NM/I/F 2 [9] [10] [11] . However, resonant tunneling in double MTJs (DMTJs) F 1 /I/F c /I/F 2 (F c is central layer) may have advantages in comparison with the standard MTJs, mainly due to their enhanced tunnelling magnetoresistance (TMR) [12] [13] [14] and resonant spin-torque effects [15] [16] [17] . TMR in DMTJs only weakly varies at low bias voltages [18] , which is crucial for applications. Last but not least, the current driven magnetization reversal in DMTJs occurs at relatively low current densities [17] .
In DMTJs the QWS can strongly influence electron transport only if the F c layer has submonolayer roughness and its thickness exceeds 1nm minimizing Coulomb blockade (CB) effects [19] . On the other hand, the F c layer should also be thin enough so that energy separation of QWS substantially exceeds the thermal energy. These conditions are hardly fulfilled in the macroscopic DMTJs [20, 21] , where resonant tunneling was not observed mainly due to the absence of the atomically flat surfaces over entire junction lateral dimensions. Evidence for a local tunneling through QWS in the central Fe layer in F 1 /I/F c /I/NM junctions was provided by Iovan et al. [22] using the point contact technique. Recently, Nozaki et al. [23] reported on resonant tunneling effects in macroscopic DMTJs with Fe nano islands incorporated into the thick MgO barrier. Their results have been interpreted as due to combined QWS [24] and CB effects.
This letter reports on the detailed study of electron transport in epitaxial macroscopic Fe(100)/MgO/Fe/MgO/Fe junctions with continuous middle Fe layer and current flowing through the 'hot spots'. Oscillatory conductance and TMR with applied voltage present clear signatures of the local coherent tunneling through QWS. The oscillations have been observed in both parallel and antiparallel magnetic configurations and for both bias polarizations, contrary to Ref. [23] where they were seen only in the parallel configuration and for one current orientation. Moreover, we observe oscillations in the room temperature (RT) regime, while in Ref. [23] [20] . The specificity of the samples studied here is a
Nitrogen doping of all the layers achieved during the growth, with a Nitrogen concentration roughly estimated to less than 2%. Although further studies are needed to determine the concentration of Nitrogen inside MgO, recent report [25] revealed that MgO barrier in MTJs may be doped up to 2.5% of Nitrogen without changes in the crystalline structure.
In our samples, the structural analysis by RHEED, Auger spectroscopy and magnetometry demonstrate that, despite the Nitrogen doping (as evidenced from Auger, see energies calculated within about 1V above (red) and below (black) the Fermi energy [24] .
Although the absolute values of TMR measured with the field along IA are reduced in comparison with those for the fields along EA and HA, the relative changes of the TMR with bias are substantially enhanced (see Fig. 3b,d) ). In order to understand this effect we remind that the measurements of tunnel resistance with the field along IA are usually observed [27] to be most sensitive to small variations in the angle between magnetizations of the fixed and free layers in comparison with EA and HA configurations. We suggest here that the strongest relative changes in TMR(V) for the IA configuration could be a consequence of local spin-torque effects which are predicted to be enhanced with intermediate alignment of the ferromagnetic layers [16] . Figures 4 a, b represent 3D plots of TMR vs magnetic field and bias with magnetic fields applied along HA and IA respectively. Dependence of TMR on bias is observed to be more asymmetric with field along IA (Figs. 4 a, b) , which is in agreement with possible influence of local spin torque effects in the breakdown regions.
Let us now discuss physical mechanisms which could be behind the main experimental findings. Before breakdown, the current is roughly uniform across the junction area and weak interface disorder might introduce decoherence suppressing the effects due to QWS. In order to describe the observed features, we consider a DMTJ (Fig. 4c,d ) with barriers including a number of 'hot spots'. The average conductance of the structure is [28] 
is the conductance due to a single i-th spot, p i (Γ i ) is the probability of realization of a certain configuration of the i-th spot, and Γ i is a set of parameters characterizing this configuration. Let us assume that a particular 'hot spot' is characterized by its lateral dimension a. The current through the spot can be then calculated
where k 1 , k 1l are the normal and lateral wavevector components of the incoming wave (layer 1), k 2 and k 3 are the normal components of the wavevectors in layers 2 and 3, respectively.
Here we assumed that the in-plane component of k is conserved for tunneling from layer 2 to 3, whereas for tunneling through the spot there is no conservation of the in-plane component due to broken translational symmetry, and the scattering can be described by an angle distribution function w k 1 k 2 (a). In our calculations we use the approximation w k 1 k 2 (a) ≃ a 2 e −ak 2l , which means that scattering to the state with large in-plane component k 2l is effectively suppressed. Equation (1) includes transmission probabilities T k 1 k 2 and T k 2 k 3 for tunneling from the layer 1 to 2, and from 2 to 3, respectively. The sum over k 2 runs over discrete values satisfying the quantization condition k 2 L = nπ. It should be emphasized that this condition is related only to thickness L of the layer 2 and is the same for any other 'hot spot'.
Calculating the integral over k 1l we find
The conductance I/V as a function of bias V for a single spot is presented in Fig. 4e for different values of a. We assumed L = 4.6 nm, the barrier width L B = 2.4 nm, ε F = 0.9 eV, and the barrier height U B = ε F + 3.8 eV. As we see, the oscillation peaks related to the level quantization in the layer 2 are more pronounced for wide spots, and they are effectively damped for small a. This is because the small spot enables tunneling with nonconserved in-plane component of the wave vector.
Taking into account tunneling from many different spots, we obtain qualitatively the same picture corresponding to a mean value of a, and proportional to the number of spots. The total conductance of the structure includes a constant non-oscillating part, σ 0 , related to the tunneling without spots. In Fig. 4f we present resistance calculated as
where N i is the number of spots and a is the mean value of a. We note that the variation of barrier heights at the spot does not affect the position of peaks and does not change the shape of peaks, changing only the amplitude. Thus, averaging over randomly distributed a and barrier heights U B gives a picture like for a single spot with some mean values of a and
The applicability of the above model requires a number of conditions. Although location of the oscillation peaks does not depend on the spot dimension (a), the 'hot spot' should not exceed average dimensions over which central electrode is atomically flat. Also, as seen V for DMTJ with multiple spots in the P state for different average spot dimensions.
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